The 205-230 nm photodissociation of vibrationally excited CO 2 at temperatures up to 1800 K was studied using Resonance Enhanced Multiphoton Ionization (REMPI) and time-sliced Velocity Map Imaging (VMI). CO 2 molecules seeded in He were heated in an SiC tube attached to a pulsed valve and supersonically expanded to create a molecular beam of rotationally cooled but vibrationally hot CO 2 . Photodissociation was observed from vibrationally excited CO 2 with internal energies up to about 20 000 cm 1 , and CO(X 1 Σ + ), O( 3 P), and O( 1 D) products were detected by REMPI. The large enhancement in the absorption cross section with increasing CO 2 vibrational excitation made this investigation feasible. The internal energies of heated CO 2 molecules that absorbed 230 nm radiation were estimated from the kinetic energy release (KER) distributions of CO(X 1 Σ + ) products in v = 0. At 230 nm, CO 2 needs to have at least 4000 cm 1 of rovibrational energy to absorb the UV radiation and produce CO(X 1 Σ + ) + O( 3 P). CO 2 internal energies in excess of 16 000 cm 1 were confirmed by observing O( 1 D) products. It is likely that initial absorption from levels with high bending excitation accesses both the A 1 B 2 and B 1 A 2 states, explaining the nearly isotropic angular distributions of the products. CO(X 1 Σ + ) product internal energies were estimated from REMPI spectroscopy, and the KER distributions of the CO(X 1 Σ + ), O( 3 P), and O( 1 D) products were obtained by VMI. The CO product internal energy distributions change with increasing CO 2 temperature, suggesting that more than one dynamical pathway is involved when the internal energy of CO 2 (and the corresponding available energy) increases. The KER distributions of O( 1 D) and O( 3 P) show broad internal energy distributions in the CO(X 1 Σ + ) cofragment, extending up to the maximum allowed by energy but peaking at low KER values. Although not all the observations can be explained at this time, with the aid of available theoretical studies of CO 2 VUV photodissociation and O + CO recombination, it is proposed that following UV absorption, the two lowest lying triplet states, a 3 B 2 and b 3 A 2 , and the ground electronic state are involved in the dynamical pathways that lead to product formation. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Carbon dioxide is one of the most important molecules in the solar system. On Earth it is a known product of combustion and flames. [1] [2] [3] In space it is a ubiquitous component of ices in the interstellar medium and constitutes a major part of the atmospheres of Venus and Mars. [4] [5] [6] [7] Not surprising, its behavior has been examined at temperatures ranging from near zero to thousands of Kelvin. Its photoinitiated reactions have attracted much attention as well. CO 2 possesses several close-lying excited singlet and triplet states whose interactions are not yet fully understood. Because the ground state of CO 2 is linear and the lowest excited electronic states are bent (∼120 • ), [8] [9] [10] [11] Franck-Condon (FC) factors connecting the ground vibrational levels of the ground and lowest excited states are vanishingly small.
In contrast to the many studies of the VUV photodissociation of CO 2 , [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] where absorption cross sections from the a) Current address: Center for Free-Electron Laser Science, DESY, Notkestrasse 85, 22607 Hamburg, Germany. b) Email: reisler@usc.edu ground vibrational state are large, very little is known about the photodissociation at energies closer to the lowest dissociation threshold to O( 3 P) + CO(X 1 Σ + ), which is just above the band origins of the lowest excited singlet states, A 1 B 2 and B 1 A 2 . 9, 10 This dissociation channel is spin forbidden and can be reached only via spin-orbit coupling. In fact, theory reveals that five states (3 singlets and 2 triplets) may be involved in the evolution from the optically excited singlet state to the lowest dissociation channel. These states are connected by conical intersections and spin-orbit couplings at various internuclear distances and bond angles on the potential energy surfaces (PESs). Consequently, the couplings to the dissociation continuum are likely to involve multiple PESs. [8] [9] [10] [11] The aforementioned photodissociation dynamics is found in several other isoelectronic 16-electron molecules, such as N 2 O, OCS, and HNCO, all of which exhibit linear to strongly bent electronic transitions. 28 For example, previous work on HNCO identified several dissociation pathways following initial photoexcitation to the bent S 1 state and terminating in NH(X 3 Σ ) + CO(X 1 Σ + ): S 1 → T 1 → products; S 1 → S 0 → T 1 → products; and S 1 → T 2 → T 1 → products. [29] [30] [31] [32] [33] These pathways persist at high excitation energies, even when the allowed singlet product channels are open. In addition, Crim and coworkers carried out vibrationally mediated photodissociation experiments on HNCO, demonstrating vibrational state-specific effects on surface crossings. 34, 35 While ground state CO 2 does not absorb at wavelengths longer than 190 nm, 36, 37 highly vibrationally excited CO 2 can absorb radiation even at 300 nm. [38] [39] [40] [41] As a result, its photodissociation can be studied at much lower energies -closer to the lowest dissociation threshold. A large red shift in CO 2 absorption has been observed at high temperatures, [38] [39] [40] [41] and several investigators estimated the average internal energy that CO 2 must possess in order to absorb at specific wavelengths. At 230 nm, for example, this was estimated at 0.5-1.2 eV. 40, 42, 43 While O and CO fragments have been detected before, the influence of "hot band" absorptions on the photodissociation dynamics has not been explored.
As stated above, theoretical calculations identify multiple surface crossings leading to dissociation. Several theoretical papers report CO 2 absorption cross sections and identify state interactions among the five lowest singlet and triplet states. [8] [9] [10] [11] Bending and asymmetric stretch modes are identified as tuning and promoting modes, respectively, in the conical intersections among singlet states. Several theoretical studies address the recombination of O( 3 P) and CO to the ground singlet state of CO 2 , which must involve spin-orbit couplings. 42, [44] [45] [46] [47] [48] The interest in the behavior of CO 2 in high temperature environments has also prompted extensive studies of its rovibrational spectroscopy. The well-known Fermi resonance between the CO 2 symmetric stretch and two quanta of bend leads to a complicated vibrational band structure, 49 with vibrational transitions organized in polyads. Vibrational spectra and cross sections have been published for levels up to ∼10 000 cm 1 . [50] [51] [52] [53] [54] [55] [56] Here we report a Velocity Map Imaging (VMI) study of the effects of vibrational temperature on the photodissociation dynamics of CO 2 at 205-230 nm. Heating CO 2 up to ∼1800 K is achieved in an SiC tube attached to a pulsed valve, and the supersonically expanded hot molecules are then photodissociated by pulsed laser irradiation. Whereas the rotational temperature is reduced in the supersonic expansion to 50-150 K, 57, 58 vibrational levels are cooled much less effectively. CO 2 molecules that remain in high vibrational levels absorb the radiation and dissociate. Depending on the CO 2 temperature, we observe one or both of the following channels (D 0 denotes the bond dissociation energy for each channel): 24
We show that the kinetic energy release (KER) distributions obtained when monitoring CO(X 1 Σ + ) products in v = 0 provide information on the initial internal energy of the parent CO 2 . The extent of internal excitation in the CO product is revealed from the images of O( 3 P) and O( 1 D) products. Photodissociation is observed only when the minimum vibrational excitation in CO 2 required for absorption at each excitation wavelength is reached.
II. EXPERIMENTAL DETAILS
Vibrationally excited CO 2 molecules are generated by passing a mixture of CO 2 (1%-5%) seeded in helium at a total pressure of 1.7 atm through a piezoelectrically driven pulsed valve operating at 10 Hz onto a resistively heated SiC tube (3.7 cm long, 1 mm id). The SiC tube is attached to two copper electrodes, which resistively heat an ∼1.5 cm long section of the tube. 59 The temperature of the SiC tube is estimated by the color of its glow. 60 Assuming that the hot SiC tube is a blackbody radiator, red, orange, and yellow colors are correlated (according to the International Commission on Illumination (CIE) chromaticity diagram 61 ) with temperatures of 800-1000, 1200-1400, and 1600-1800 K, respectively. The corresponding temperatures are referred to in this work as low (red), medium (orange), and high (yellow). Each temperature range corresponds to a specific value of current in our heating arrangement and, as discussed below, leads to reproducible KER distributions of the CO and O products, thereby providing reliable trends as a function of CO 2 internal excitation.
The heated gas mixture is supersonically expanded into the source region of the vacuum chamber and passes through a skimmer (Beam Dynamics, 1.0 mm orifice diameter) to form a molecular beam that reaches the interaction region. As a result, the amount of internal energy of CO 2 in the molecular beam depends both on the extent of heating in the SiC tube and the subsequent cooling by supersonic expansion. A detailed description of the gas dynamics in a pyrolysis nozzle and the properties of the subsequent supersonic expansion is given by Ellison and coworkers. 57, 58, 62 The rotational temperature is estimated from Resonance Enhanced Multiphoton Ionization (REMPI) spectra of CO molecules under the same expansion conditions, and it increases from 50 K to 150 K as the temperature is increased up to 1800 K, in agreement with previous results. 57, 58 The extent of vibrational excitation is discussed in Section III.
The molecular beam is intersected at a right angle by the laser beam at the center of the interaction region, where internally excited CO 2 molecules absorb UV radiation. Pulsed radiation at 225-230 nm (0.5 mJ/pulse, focused by a 30 cm f.l. lens) is generated by the frequency doubled output of a dye laser (Continuum ND6000, Coumarin dyes) pumped by the third harmonic output of a pulsed Nd:YAG laser (Continuum, PL8000). Laser radiation at 205.47 nm (0.1-0.2 mJ/pulse, focused by a 30 cm f.l. lens) is generated by mixing the fundamental (616.42 nm) of a dye laser (Continuum ND6000, DCM dye) and its frequency doubled output (308.21 nm).
CO(X 1 Σ + ,v = 0, 1, 2) products are ionized by 2+1 Resonance Enhanced Multiphoton Ionization (REMPI) at 230.1-230.5 nm via the B 1 Σ + ← X 1 Σ + transition. 63 O( 3 P j ) products are ionized by 2+1 REMPI at 225.6-226.4 nm via the 3p 3 P J ← 2p 3 P J transition, 64 and O( 1 D) products are ionized at 205.47 nm via the 3p 1 P 1 ← 2p 1 D 2 transition. 65 Excitation of CO 2 and product detection are achieved at the same wavelength (one color experiment). Vibrationally excited CO 2 is detected by using 3+1 REMPI via the 3pσ u 1 Π u ← X 1 Σ + g transition at 326-329 nm (2 mJ/pulse, focused by a 30 cm f.l. lens) generated from the frequency doubled output of a dye laser (Continuum ND6000, DCM/LDS 698) pumped by the second harmonic output of a pulsed Nd:YAG laser. 66 The dependencies of the CO and O REMPI signals on laser fluence were investigated in order to assess possible contributions from multiphoton dissociation. The CO and O signals appear only with heated CO 2 , and they persist even with laser energies as low as 0.2-0.3 mJ/pulse. Also, the KER distributions can only be explained consistently by assuming one-photon dissociation. We thus believe that multiphoton dissociation does not contribute significantly to the observed REMPI signals.
The experimental design and operation characteristics of our time-sliced velocity map imaging (VMI) arrangement have been described in detail before. [67] [68] [69] The ionized products are accelerated through a series of ion optics lenses in the flight tube toward a position sensitive detector (a phosphor screen coupled to a double-stack (40 mm dia) microchannel plates; Galileo Electro-Optics 3040FM series). A digital video-camera (PixeLINK PL-B741F) located behind the phosphor screen of the detector captures ion hit events produced by each laser firing, and the signal is transferred to a computer for further analysis. Sliced images of the ion cloud are obtained by fast gating of the detector (back plate of the MCP) using a home-built high-voltage pulser (5 ns fwhm, 2 kV peak). 68 
III. RESULTS AND DISCUSSION
A. REMPI spectra of CO products CO products from photodissociation of hot CO 2 at ∼230 nm under different heating conditions have been detected by 2+1 REMPI at the same wavelength. Figure 1 shows REMPI spectra obtained when the laser frequency is scanned in the region of the 2-photon B 1 Σ + -X 1 Σ + transition of CO.
The bandheads of the 0-0 (86 916 cm 1 ) and 1-1 (86 856 cm 1 ) vibronic peaks are assigned based on previous spectroscopic and photodissociation studies. 70 factors for the 0-0 and 1-1 transitions (1.00 and 0.91, respectively), we conclude that the relative population of v = 1 is low at all temperatures. Fit spectra of the 0-0 band, obtained using PGOPHER, 72 show that signal intensities drop significantly starting at J > 14, and signals are observed up to at least J = 23-24 with low heating. Rotational excitation in the 0-0 band increases with increased heating, and the distributions become clearly bimodal, displaying a weaker additional feature peaking at J = 43-44 and extending to at least J > 47. With increased heating, the second feature becomes more prominent. The total signal intensity increases strongly with increased heating.
To fit the rotational distribution of the 0-0 band, we used the expression
where I is the observed line intensity at the 2-photon energy E, A is a scaling constant, Γ(E E J ) is the linewidth function (assumed Gaussian) for each rotational transition Q JJ with energy E J , and F(E J ) is a fitting function. The Hönl-London factors for the Q-branch have been assumed to be constant. 73 In the above simulation, F is assumed to be a sum of two functions: a Boltzmann function B(E J , T ) and a Gaussian dis- The origin of the broad spectral feature with a maximum at ∼86 830 cm 1 (denoted henceforth by M) is puzzling. This feature appears only at mass 28 in the time-of-flight mass spectrum, and only when irradiating hot CO 2 . A similar feature has been observed by Spiglanin et al. in the REMPI spectrum of the CO product from the 193 nm photodissociation of HNCO 74 and tentatively assigned as the 2-2 vibronic band of this transition. However, we could not reproduce this feature using the known spectroscopic constants of the B ← X transition. Even though the B(v = 0-9) X(v = 0) vibronic bands of CO were investigated before, 63, 70, [75] [76] [77] [78] due to crossings with repulsive states, the B state is severely predissociated at v > 1. 70, 75, 79, 80 As a result, the assignments of the band origins of the B ← X vibronic transitions involving v > 1 are quite uncertain, having large error bars. Using the known spectroscopic constants of the ground state, 81 and the experimental values for the v levels in the B state, we have estimated the band origin frequencies of the diagonal transitions from 2-2 to 9-9 (see Table S1 in the supplementary material).
Boltzmann rotational distributions of the 2-2 and 5-5 vibronic transitions, whose spectral origins are closest to the M band, were simulated using PGOPHER. 72 Representative simulations are shown in Figs. S1 and S2 in the supplementary material. It is evident that the M band does not match well with any of the estimated B ← X diagonal vibronic transitions. It is possible that this feature originates in a different electronic transition than B ← X. The three electronic states closest to this energy region are k 3 Π, C 1 Σ + g , and E 1 Π. [82] [83] [84] The different vibronic transitions estimated from the known spectroscopic constants of these states are listed in Tables S2-S6 in the supplementary material. The only transition close to the M band is k (v = 1) ← X (v = 2). The 500 K thermal rotational distribution of this vibronic transition is simulated (using PGO-PHER) and is shown in Fig. S3 in the supplementary material. The simulated REMPI spectrum spans frequencies extending from near the bandhead of the 0-0 peak of the B ← X transition to the low frequency end of the observed M band. The peak of the M band corresponds to J = 5-10 of v = 2 of the ground state. This transition may contribute to the REMPI signal originating in v = 2 of CO (see also Section III B), but other (yet unknown) transitions may contribute as well.
B. Kinetic energy release distributions of CO products
In order to obtain pair-correlated distributions, time-sliced images of CO(X 1 Σ + , v = 0) were recorded at 230.1 nm (43 480 cm 1 ) with different CO 2 heating levels, and the corresponding center of mass (c.m.) KER distributions are shown in Fig. 3 .
Although the excitation energy (43 480 cm 1 ) is slightly below the energy threshold of channel (I) (43 954 cm 1 ), heating in the SiC tube imparts significant vibrational excitation to CO 2 , and much of this excitation survives during supersonic expansion. Recall that only vibrationally hot CO 2 molecules can absorb at 230.1 nm. Since the O( 3 P) cofragments do not possess internal energy (except in their 3 P 1 and 3 P 0 spin-orbit states), the c.m. KER distributions obtained by monitoring the 0-0 bandhead, which is centered at low J levels, reflect the distribution of available energies in the dissociation and, therefore, also the initial rovibrational excitation of the heated parent CO 2 molecules. It is evident from the KER distribution obtained with the lowest heating that the observed KER signal starts only at ∼4000 cm 1 , corresponding to the minimum internal excitation that CO 2 must possess in order to absorb at 230.1 nm. This KER distribution extends up to about 10 000 cm 1 . With higher CO 2 heating, the vibrational excitation in the parent CO 2 molecules increases and reaches a maximum value of 17 000 -18 000 cm 1 , as shown in the middle and upper traces of Fig. 3 . By energy conservation, KER values ranging between 4000 and ∼16 000 cm 1 must be correlated only with the CO + O( 3 P) channel (channel (I)).
Referring to Fig. 3 , the KER signal drops when the CO 2 internal excitation exceeds 17 000-18 000 cm 1 even with high level of heating. At the same time, an additional feature appears at low KER (0-2000 cm 1 ). This feature corresponds to the opening of the CO + O( 1 D) channel (channel (II)), which lies 59 847 cm 1 above the ground state CO 2 , or ∼16 000 cm 1 above the CO + O( 3 P) channel threshold. In other words, channel (II) becomes energetically accessible at 230.1 nm when the available energy exceeds ∼16 000 cm 1 .
It should be noted that the observed CO + signal intensities reflect two opposing factors: (1) the thermal population in the excited vibrational levels of CO 2 , which decreases approximately exponentially with increasing vibrational energy, and (2) the absorption cross section at a specific temperature, which increases approximately exponentially with CO 2 internal energy at the long wavelength tail of the absorption curve. 1, 6, 38, 40 Although the population of high vibrational levels is very small even with high heating (only 15% of the population exists in the energy region 4000-20 000 cm 1 at a temperature of 1800 K, assuming a Boltzmann distribution), the increased absorption cross sections make these levels visible in our experiments. As mentioned above, the final CO 2 internal energy distributions are determined by the extent of heating in the SiC tube and the subsequent cooling in the expansion, which evidently preserves much of the vibrational excitation. The structure in the KER distribution, which is most pronounced at higher temperatures, reflects the well-known clumpy nature of the CO 2 vibrational states, which is also manifest in the polyad structure of its vibrational spectrum. 55 We have also recorded time-sliced images of CO v = 1 by monitoring the bandhead of the B ← X (1-1) transition at 230.27 nm, and the KER distribution is shown in Fig. 4(a) .
The KER distribution corresponding to CO(X 1 Σ + ,v = 1) shows a sharp feature centered at 5000 cm 1 with a FWHM of ∼1000 cm 1 and a low intensity broad feature extending up to about 18 000 cm 1 . However, analysis of the KER distribution of CO(X 1 Σ + ,v = 1) is complicated due to spectral overlap of the 1-1 bandhead with the M band. In order to separate the contribution of the M band to the 1-1 bandhead signal, the KER distribution in the M band region was obtained by recording sliced images at 230.34 nm (86 830 cm 1 ) with different heating levels. An example, obtained with high heating, is displayed in Fig. 4(b) , which shows that the narrow peak centered around 5000 cm 1 in the KER distribution is associated with the M band.
Since both KER distributions shown in Fig. 4 exhibit the same sharp feature centered at 5000 cm 1 , it is likely that this feature in the plot of CO v = 1 belongs to the underlying background of the M band. Indeed, the intensity of the sharp feature in Fig. 4 (a) increases with increased heating as does the intensity of M band. In contrast, the broad features at higher KER values (Fig. 4(a) ) do not increase appreciably with heating, in accordance with the behavior observed in the CO REMPI spectrum (Fig. 1) . The background of the M band extends up to the bandhead of the 0-0 transition, where the images shown in Fig. 3 were recorded. With low heating, where the intensity of the M band is much smaller compared to the 0-0 bandhead, there is almost no feature at 5000 cm 1 in the KER distributions shown in Fig. 3 . With increased heating, the KER distributions show the emergence of the 5000 cm 1 feature as the contribution from the M band increases. However, the M band contribution does not extend to higher rotational levels of the 0-0 band, and the KER distributions obtained by monitoring higher rotational levels (J ≥ 43) of the 0-0 band do not show the 5000 cm 1 feature even with high heating (see dissociation mechanism, presently unknown, gives rise to the feature centered at ∼5000 cm 1 .
C. Kinetic energy distributions of O( 3 P, 1 D) products
Due to the uncertainty in the spectral assignment of the M band in the REMPI spectrum, it is best to assess the extent of CO internal excitation from the KER distributions of the atomic O( 3 P j ) and O( 1 D 2 ) photofragments. O( 3 P j ) fragments (channel (I)) are detected by 2+1 REMPI at 225.6-226.6 nm, and the three spin orbit states ( 3 P 2 , 3 P 1 , and 3 P 0 ) produced in the photodissociation are shown in Fig. S5 in the supplementary material. The KER distributions obtained by monitoring O( 3 P 2 ) with different heating levels of CO 2 are displayed in Fig. 5 .
With low heating, the KER distribution exhibits a single broad feature extending from 0 to 10 000 cm 1 . An additional feature at 12 000-16 000 cm 1 appears with increased heating, indicating that two different dynamical pathways lead to channel (I). Similar results (not shown) are obtained when monitoring O( 3 P 1 ) and O( 3 P 0 ). We emphasize that the KER distributions include contributions from CO(v,J) cofragments generated by photolysis of all CO 2 molecules whose internal energies exceed ∼4000 cm 1 . They indicate that the dissociating CO 2 molecules, which have a broad range of vibrational energies, give rise to CO products with a broad distribution of internal energies.
O( 1 D) photofragments produced by channel (II) were detected at 205.47 nm (48 669 cm 1 ) by using 2+1 REMPI via the 1 P 1 ← 1 D 2 2-photon transition. The c.m. KER distribution obtained by monitoring O( 1 D) photofragments with high CO 2 heating is shown in Fig. 6 .
The observed KER distribution peaks at ∼300-400 cm 1 and extends to nearly 6000 cm 1 . As discussed above, with 230.1 nm photolysis the available energy must exceed 16 000 cm 1 in order to reach the threshold of channel (II). This is evident in the KER distributions of CO v = 0 (Fig. 3) where a new feature appears at 0-2000 cm 1 . With 205.47 nm (48 669 cm 1 ) photolysis, CO 2 requires only ∼11 000 cm 1 of internal energy to reach the threshold of Channel (II). Hence, the c.m. KER of O( 1 D) photofragments can extend up to 6000-7000 cm 1 when the internal energy of CO 2 is 17 000-18 000 cm 1 , as seen in Fig. 6 . Clearly, the peak in the KER distribution is shifted to lower energies than the allowed maximum, indicating that the CO cofragments possess significant rovibrational excitation. We note again that parent CO 2 molecules with different rovibrational levels have different absorption cross sections and might also exhibit different photodissociation dynamics. All of these determine the final shape and maximum in the KER distribution obtained by monitoring O( 1 D).
D. Implications to CO 2 photodissociation dynamics
As discussed in the Introduction, the absorption cross section of CO 2 at λ > 190 nm increases sharply with temperature, and absorption can extend up to 300 nm. Our study, which examines the 205-230 nm photodissociation of CO 2 at temperatures up to ∼1800 K, extends the photodissociation studies of CO 2 to more realistic environments where thermally excited CO 2 is dissociated at much longer wavelengths than cold CO 2 . It shows that several mechanisms are likely involved in dissociation via channels (I) and (II). The KER distributions shown in Fig. 3 , which are obtained at different CO 2 temperatures, give an idea of the extent of vibrational excitation from which dissociation occurs at ∼230 nm.
The REMPI spectra and KER distributions show that CO products are born with significant rovibrational excitation. A broad rovibrational state distribution in CO was observed also in the 157 nm photodissociation of cold CO 2 , which is near the FC maximum of absorption to the 1 B 2 state. At 157 nm, channel (II) was dominant, 21 but a minor channel (I) (about 6%) was also detected. 12, 26, 27 Understanding the dissociation dynamics is not easy even with supersonically cooled samples because the CO product state distributions span a broad energy range and the rotational populations exhibit fluctuations. 21 Our work demonstrates the increased complexity of the dissociation dynamics at higher temperatures and suggests that bending and stretch excitations of ground state CO 2 have a profound effect on the dissociation efficiency and dynamics.
Several theoretical studies have focused on the excited electronic states of CO 2 at 4-9 eV, [9] [10] [11] 44, 47, 48 and on the interactions among states that are involved in the dissociation. 9, 44 Schmidt et al. computed 1D potential energy curves for the electronic states of CO 2 as a function of OC-O internuclear distance (C s ) and OCO bond angle (C 2v ). 9 Data on the five lowest singlet and triplet states that can be accessed below 8.5 eV (∼68 500 cm 1 ) are summarized in Table I , which lists both the vertical and adiabatic excitation energies. Figure 7 presents the corresponding schematic energy level diagram illustrating these states.
The calculated absorption spectrum at long wavelengths matches the experimental observations, and the photodissociation dynamics to channels (I) and (II) at 157 nm are also reproduced satisfactorily in the calculations. 9 It is concluded that whereas absorption is mainly to the A 1 B 2 state at the vertical maximum, at longer wavelengths the B 1 A 2 state can be excited as well (see below), and the long wavelength spectrum reflects also mixing between the A 1 B 2 and the ground states. 9 As listed in Table I , the energy differences between the ground and excited states decrease with decreasing OCO bond angle, e.g., with increased bending excitation in the ground electronic state. Our experiments show that heating CO 2 in the SiC tube imparts significant vibrational excitation that survives supersonic expansion. Due to more favorable FC factors, these internally hot CO 2 molecules absorb 205-230 nm radiation much more efficiently, allowing us to study the dissociation of CO 2 closer to the origins of the lowest excited states and to the dissociation threshold, where channel (I) dominates.
We emphasize that although the fraction of highly excited vibrational states is low (at 1800 K, the population of molecules with 20 000 cm 1 energy is only ∼10 4 relative to the maximum), the steep increase in the absorption cross section with increasing vibrational excitation allows us to observe dissociation from these levels. As discussed in Section II, the vibrational population cannot be described by temperature due to the supersonic expansion. However, Fig. 3 shows that, as expected, the CO 2 vibrational levels appear in clumps, in accordance with the vibrational spectrum of CO 2 that displays a polyad structure even at high temperatures. 55 Notably, the images recorded in our experiments are nearly isotropic ( β ∼ 0). A common reason for an isotropic product angular distribution is a dissociation lifetime that is longer than the rotational period of the molecule. In our case, the dissociation lifetime is unknown, and the average classical rotational period of CO 2 molecules at 100 K is roughly 0.9 ps. This may cause a decrease from the maximum recoil anisotropy value of 2.0 for a parallel transition. Previous studies of cold CO 2 photodissociation at 157 nm (63 690 cm 1 ) showed that the fragments' angular distributions associated with channel (I) are anisotropic ( β = 1.25), as expected for fast dissociation involving initial excitation via a parallel transition to the 1 B 2 state. 17, 85 In contrast, the angular distributions of CO fragments produced via channel (II) at the same wavelength are nearly isotropic, 21 with β decreasing strongly with decreasing kinetic energy and CO rovibrational excitation, even though the initially excited state is short lived. 17 It was proposed that the initially excited state may have crossed to a predissociative state whose lifetime is longer than the rotational period of CO 2 . 21 Another plausible argument put forward is that dissociation occurs from bent vibrational configurations or high rotational levels that reduce the anisotropy by changing the fragments' recoil direction. In our experiments, CO 2 molecules with even higher vibrational excitation are electronically excited. If dissociation takes place from vibrational configurations with high bending excitation, the anisotropy would be reduced.
Another likely reason for the reduced anisotropy is the concurrent excitation to the 1 B 2 and 1 A 2 states, which are reached via parallel and perpendicular transitions, respectively. Schmidt and coworkers showed that at long wavelengths there are reasonable transition dipole moments (TDMs) to both of these states, and the bending and asymmetric stretch excitations increase the TDM to 1 A 2 . 9 Spielfiedel et al. assigned a long bending progression of perpendicular bands to transitions to the B 1 A 2 state at the long wavelength absorption tail, in addition to the main bands to the A 1 B 2 excited state. 8 The nearly isotropic KER distributions of the products measured in our experiments suggest that both these excited states participate in the initial electronic excitation, and this may be a major cause for the reduction in anisotropy.
The main photodissociation products observed in our studies derive from the spin-forbidden channel (I). With 157 nm photodissociation of CO 2 , this was the minor channel, accounting for merely a few percent relative to channel (II). 12, 21 Evidently in dissociation via channel (I), spin-orbit coupling must be involved, and therefore the reverse spinforbidden recombination reaction, O( 3 P) + CO, is also relevant to our work. It has been established long ago that the so-called "CO flame bands," which derive from the recombination of O( 3 P) and CO, result in weak emission from the 1 B 2 excited state of CO 2 . 86 Several recent theoretical papers have examined the recombination reaction, identifying spinorbit couplings and conical intersections. 11, [44] [45] [46] [47] [48] Even though these calculations do not include the highly excited CO 2 vibrational levels that are necessary to describe fully our results, they indicate that more than one reaction mechanism must be involved. The calculations show the participation of a direct (or non-statistical) mechanism, which is too fast to allow for randomization of energy, and an indirect (or statisticallike) route, in which at least some energy randomization takes place. The exact nature of the dynamics via these two pathways is not settled yet, but the outcome is clear. Jasper and Dawes, for example, find that both the a 3 B 2 and b 3 A 2 triplet states are involved in the spin-forbidden reaction O( 1 D) + CO → CO + O( 3 P). 47 In addition, the authors highlight the importance of including geometry dependence in the spinorbit coupling surface. In considering the coupling between the electronic ground state and the lowest triplet a 3 B 2 state, Jasper and Dawes 47 and Hwang and Mebel 44 conclude that both direct and indirect mechanisms are involved. Jasper and Dawes suggest that the relative importance of these two mechanisms depends on the depth of the geometry-dependent entrance channel well, in addition to the properties of the saddle point and the energy minimum in the spin-orbit crossing seam. In our studies, a broad range of geometries is sampled, which is likely to affect the dynamics to an even greater extent. The existence of multiple dynamical channels is amply evidenced in the KER distributions of the CO and O products, and also in the CO REMPI spectra obtained as a function of CO 2 heating. In dissociation events that start closer to the reaction threshold, as is the case in our work, it is not hard to imagine that following initial excitation to either the A 1 B 2 or B 1 A 2 state or both, the a 3 B 2 and b 3 A 2 triplet states and even the ground electronic state are involved, giving rise to multiple crossings and dissociation pathways that depend sensitively on initial vibrational excitation of parent CO 2 .
IV. SUMMARY AND CONCLUSIONS
The 205-230 nm photodissociation of vibrationally excited CO 2 at temperatures up to 1800 K was studied in a molecular beam by using REMPI spectroscopy and time-sliced VMI. Upon heating, dissociation from vibrational levels with energy up to nearly 20 000 cm 1 was detected, giving rise to CO, O( 3 P), and O( 1 D) products (channel (I) and (II)). The large enhancement of the absorption cross section with increasing CO 2 vibrational excitation made the investigation of photodissociation from highly vibrationally excited molecules feasible. It is likely that initial absorption is to both the A 1 B 2 and B 1 A 2 states.
We show that CO 2 must have a minimum internal energy of ∼4000 cm 1 in order to absorb 230 nm radiation, in good agreement with previous estimates. 40, 42, 43 2+1 REMPI spectra of the CO products show that v = 0 and 1 are generated in a broad range of rotational states, but direct REMPI identification of higher vibrational levels was hampered by uncertainties in the spectroscopic assignment. Nevertheless, fits of the rotational distributions of CO v = 0 show that at higher CO 2 temperatures the rotational distributions are bimodal; they can be fit with a ∼1700 K Boltzmann component at low to medium J levels, and a narrow Gaussian-shaped component centered at J > 40.
The fragments KER distributions obtained by monitoring the CO B → X (0-0) bandhead reveal the extent of vibrational excitation in the parent CO 2 , which increases with heating. Direct detection of hot CO 2 , albeit with less sensitivity, was achieved by 3+1 REMPI as described in the supplementary material ( Fig. S6 and Table S7 ). State specific dynamics in the photodissociation of hot CO 2 is suggested, among others, by the KER distributions observed when monitoring the M REMPI band (Fig. 4(b) ), which show only a narrow range of KER distributions centered at ∼5000 cm 1 . However, the dynamics responsible for this state-specific KER distribution remain unexplained, as is the exact assignment of the M band (Fig. 1) .
The extent of rovibrational excitation in the CO product is assessed from KER distributions obtained by monitoring the O( 3 P) and O( 1 D) fragments. All spin-orbit states of O( 3 P) are produced in the dissociation and have similar KER distributions. With low CO 2 heating, the KER distribution obtained by monitoring O( 3 P) is broad and unstructured, corresponding to highly rovibrationally excited CO cofragments. At higher temperatures, a second unstructured component centered at high KER appears, indicating the opening of another, more direct, dissociation pathway. Following 205 nm dissociation, the KER distributions obtained by monitoring the O( 1 D) fragment, which have 16 000 cm 1 of internal energy, peak at lower KER values but extend up to about 6000 cm 1 . These distributions show that CO fragments associated with channel (II) are also born with a broad distribution of rovibrational levels.
While detailed theoretical descriptions of the dissociation dynamics are unavailable at this time (and maybe unfeasible), the observation that several dynamical pathways contribute to the observed fragments' REMPI spectra and KER distributions is hardly surprising. Theoretical calculations of the absorption spectrum of CO 2 , especially in the long wavelength tail, show that optical excitation can reach both the A 1 B 2 or B 1 A 2 excited singlet states, and that vibrational excitation can strongly enhance absorption and change the relative contributions of these two absorption systems. Electronic structure calculations of the conical intersections among states of the same multiplicity and spin-orbit couplings between states of different multiplicities, which are still incomplete, show that the lowlying excited electronic states can interact either directly or via the ground electronic state, and that both the a 3 B 2 and b 3 A 2 triplet states are likely involved in dissociation via channel (I). Theory shows that reaction pathways can be direct, without energy randomization in the shallow wells in the excited states, or more statistical-like involving partial or total randomization of energy in the excited states during conical intersection or in reaching the spin-orbit crossing seams.
Because the photodissociation involves intermediate states with shallow wells, it is expected that state-specific effects with respect to initial vibrational excitation of the parent CO 2 molecule would be important. A more detailed view of the dissociation mechanism may be obtained by exploiting vibrationally mediated photodissociation to reach specific vibrational levels of CO 2 directly and explore their photodissociation. Excitation of combination bands with stretch and bend components should be particularly fruitful.
SUPPLEMENTARY MATERIAL
See supplementary material for 2+1 REMPI spectroscopy of CO and O( 3 P), 3+1 REMPI spectroscopy of hot CO 2 , and KER distributions obtained by monitoring CO(v = 0) at higher J s.
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